The effects of exposure to gold mining dust with a high concentration of free silica and tobacco smoking on mortality from lung cancer was assessed in a sample of 2209 white South African gold miners who started mining exposure during , and were selected for a study of respiratory disorders in 1968-71 when they were aged 45-54. The mortality follow up was from South African gold miners are exposed to several potential risk factors for lung cancer, such as radon daughters, diesel fumes, and respirable dust with a high concentration of free crystalline silica. The concentration of radon daughters is generally considered to be low; the average working level (WL) was estimated as 0-4, ranging from 0-1 to 3 0 for different mines.4 Miners with more than 20 years of gold mining, however, may theoretically accumulate over 100 WLM, a level shown to be associated with an increased risk of lung cancer in a study of underground pyrites miners with a low level of exposure to radon daughters.5 About 60-80% of the mined rock is silica and approximately 30% of free silica is present in the respirable dust. The concentration of respirable silica considered representative of the mining industry ranges from 0 05 to 0-84 mg/ m3 for underground dust6; these concentrations have remained more or less unchanged since the 1930s. Tobacco smoking is also highly prevalent among the gold miners; approximately 70% of the miners were found to be current smokers and 12% non-smokers in studies done in the 1960s and 1970s.78
The issue of carcinogenicity of crystalline silica has been discussed extensively.'3 A recent report by the International Agency for Research on Cancer considered that there is sufficient evidence to show that crystalline silica is carcinogenic in experimental animals, but that the evidence for man is limited. 3 South African gold miners are exposed to several potential risk factors for lung cancer, such as radon daughters, diesel fumes, and respirable dust with a high concentration of free crystalline silica. The concentration of radon daughters is generally considered to be low; the average working level (WL) was estimated as 0-4, ranging from 0-1 to 3 0 for different mines.4 Miners with more than 20 years of gold mining, however, may theoretically accumulate over 100 WLM, a level shown to be associated with an increased risk of lung cancer in a study of underground pyrites miners with a low level of exposure to radon daughters.5 About 60-80% of the mined rock is silica and approximately 30% of free silica is present in the respirable dust. The concentration of respirable silica considered representative of the mining industry ranges from 0 05 to 0-84 mg/ m3 for underground dust6; these concentrations have remained more or less unchanged since the 1930s. Tobacco smoking is also highly prevalent among the gold miners; approximately 70% of the miners were found to be current smokers and 12% non-smokers in studies done in the 1960s and 1970s. 78 Several studies have reported on the association between mining exposure and lung cancer in white South African gold miners. In a mortality study of a cohort of 3971 white middle aged gold miners, followed up over nine years, 39 deaths due to lung cancer were found, and a standardised mortality ratio (SMR) of 161-2 (95% CI 1146-220 3) was reported.9 The relative risk (RR) adjusted for smoking, estimated from a nested case-referent study, was 1-77 (95% CI 0 94; 3-31) per 10 000 particle-years. The results, however, from two case-control studies done on deceased white gold miners showed no association between lung cancer and exposure to gold mining dust, nor any association with radiological silicosis or silicosis identified at necropsy.'°26
The object ofthe present paper is to present results from a mortality study of 2209 white South African gold miners who started their mining exposure in 1936-43, and were selected for a study of respiratory disorders during 1968-71, when they were aged [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] . The mortality follow up was over a 17 year period, from 1968-71 to 30 December 1986. In this study, we examined (a) the dose response relation between lung cancer and exposure to silica dust measured in respirable dust particle-years; (b) the combined effect of tobacco smoking and respirable dust particle-years; (c) the association between lung cancer and silicosis identified at necropsy; (d) Of the 2209 miners, 945 (43%) died during the follow up period. The specialist physician identified 81 deaths from lung cancer (ICD = 162, ninth revision), according to the best available information from death certificates, medical files, and postmortem reports. These 81 lung cancer deaths were further scrutinised by one ofthe authors (S-C) and an experienced NCOH pathologist who had carried out extensive research on lung cancer in gold miners. They rejected four cases because of insufficient evidence that the cancer originated in the lung. Ofthe 77 accepted cases, 66 were confirmed by a necropsy, five were proven by a biopsy, and six were identified by a death certificate.
The occupational records of the cases of lung cancer were searched to find out if any of the miners had worked as a boilermaker or had had other types of asbestos exposure. Of the 77 miners, one had worked for 1-7 years in a platinum mine; the rest had gold mining exposure only and none had worked as a boilermaker. The occupational exposures recorded in the medical files reliably indicate such exposures.
MINING EXPOSURE
Occupations in the gold mines were classified on the basis of measured dust counts into 11 groups for which the average respirable dust counts were calculated by Beadle." For every miner the number of shifts worked in each occupation was weighted by the mean count of respirable dust for that occupational group. The cumulative dust counts and the actual years of exposure were calculated for each decadethat is, the 1940s, 1950s, 1960s, and to the start and to the end of the follow up period in terms of respirable dust particle-years. The exposure before 1940 was added to that for the 1940s, as it concerned only few miners and small exposures. SMOKING 
HABITS
Full details of smoking habits were obtained during the 1968-71 examination by means of a smoking questionnaire and the reliability of the answers was checked against smoking histories recorded on the medical files kept at MBOD. Tobacco consumption was evaluated in terms of number of cigarettes a day (calculated as an average between the maximum ever smoked and the current consumption), years of smoking (cigarettes or pipe or both), cigarette packyears, and cigarette equivalent pack-years.
LUNG FUNCTION TESTS AND RESPIRATORY SYMPTOMS AND SIGNS
The information collected during the 1968 
where ho denotes the age and year at risk specific disease rate at R(0) = 1, and R (dust, smoking; ,B) is the RR function given below by equation (2). Here ,B is the vector of the unknown coefficients. Equation (1) and the general minimisation program MINUIT 2 were used to fit the models.
ASSOCIATION BETWEEN LUNG CANCER AND SILICOSIS
The association between death from lung cancer and the presence of silicosis found at necropsy was examined using the 745 miners who had had a necropsy examination performed by the pathologists at NCOH. The necropsy examinations are for medicolegal purposes, and for every miner silicosis of the parenchyma, pleura, and hilar glands is coded as none, slight, moderate, or marked, according to the findings from a macroscopic examination. The diagnosis is then confirmed by a microscopical examination. The histological examination includes tissue from the upper, middle, and lower zones of both lungs and hilar glands. As the silicotic lesions are unique in appearance -the diagnosis is generally considered to be reliable.
The associations between death from lung cancer and the degree of silicosis of the parenchyma, pleura, and hilar glands were examined by crude odds ratios (ORs) and by adjusted ORs estimated from the logistic regression in which the effects of age and dust particle-years were adjusted. Table 1 summarises data for the cases and the remainder of the cohort separately. The cases had higher dust particle-year values for all the time intervals examined, but the differences in the actual years of exposure were not as consistent. As expected, smoking for the cases was substantially higher; this was indicated by all the smoking variables examined. The cases had lower lung function measurements (FEVy, FVC, and FEF,%75%), and a higher prevalence of respiratory symptoms and signs (simple bronchitis and rhonchi) at the time of the 1969 examination than the rest of the cohort. Table 2 shows the sequential results of the hierarchical analyses by the Cox's proportional hazards model applied to the data to select best predictors for smoking and dust. Of the smoking factors examined, cigarette pack-years were most strongly related to death from lung cancer. When the lung cancer cases who had zero value for cigarette pack-years were examined, however, it was observed that some of tAdjusted for age and fitted independently to the data.
Results

COMPARISON OF CASES AND THE REST OF COHORT
SELECTION OF EXPOSURE VARIABLES
+Adjusted for age and cigarette equivalent pack-years and fitted independently to the data.
them had very high cigarette equivalent pack-years due to pipe smoking, and thus the cigarette equivalent pack-years variable was used in the Poisson regression analysis. The effect of exposure to gold mining dust, adjusted for age at the start of follow up and cigarette equivalent pack-years, was examined using dust particle-years cumulated to the end of 1949, 1959 , to the start of the follow up, and to the end of the follow up, as well as the actual years of exposure. All four particle-year variables were significantly higher for the cases, indicating a higher exposure over the whole period of employment. The regression coefficient for cigarette equivalent pack-years and the contribution in terms of the x2 value (-30) were changed very little by adding the individual dust variables to the model. The dust particle-years cumulated to the start of the follow up were used to evaluate the combined effect. By the start of the follow up, the miners already had on average 24 (SD 5 0) years of underground exposure, and the average exposure after the 1969 examination was only 3-3 (SD 1-8) years. The actual duration of the mining exposure was not statistically significant. The correlation coefficient between dust particle-years and cigarette equivalent pack-years estimated on the 2209 miners was slightly negative (-0036).
According to the results of the Cox's proportional hazards model the relative risk for lung cancer associated with a unit of 1000 particle-years, cumulated to the start of the follow up period, was 1-023 (95% CI 1-005-1-042). Table 3 shows the cohort data cross tabulated by the categories of dust particle-years and cigarette equivalent pack-years. The table shows the number of deaths from lung cancer, person-years, the mean values for dust particle-years cumulated to the start of follow up, cigarette equivalent pack-years, and the observed death rates/ 1000. This table is summarised over the age and year at risk categories. The mean values for dust and smoking calculated for each cell were used to estimate the dose response trend. In the final analysis there were 272 cells with a non-zero value for person-years.
COMBINED EFFECT OF DUST AND SMOKING
The marginal adjusted RRs and 95% CIs indicate an increasing trend for dust and for smoking (table 3) . The estimates were adjusted for age, year at risk, and the other exposure. The individual dose response curves for dust and smoking were best fitted by the additive model. The differences in the log likelihood, however, for the additive and the multiplicative model were small and statistically insignificant.
The observed death rates per 1000 (h) given in table 4 indicate an increasing trend with smoking, which is consistent for all dust exposure levels. The increasing trend with dust is apparent in the lowest and the highest smoking categories. The steep increase in the highest smoking category suggests that dust and smoking act synergistically.
To assess the combined effect of dust and smoking the Breslow and Storer model,'8 equation (2), was fitted to the data. The best fit was obtained when A = 0-25, indicating that the combined effect was slightly higher than would be expected from the additivity of the individual effects. The test of H0:. = 0 v Ha: A' +1,-that is, the additive v non-additive model, was statistically significant for . = 0-25 (X'l = 3-9, p < 0 05). Table 4 shows the predicted death rates per 1000 estimated from the models with different values of A, and the goodness of fit statistic (X'LR). The estimated values changed very gradually between) = 1 0 and) = 0-25, but for) = 0-0 (the additive model) the estimated numbers of death for the two highest dust exposure categories were The adjusted RR for dust estimated by the multiplicative model (A = 1-0) was 1-028 (95% CI 1-009-1-048) for a unit of 1000 particle-years, which is only slightly higher than the estimate obtained from the Cox's proportional hazards model.
ASSOCIATION BETWEEN LUNG CANCER AND SILICOSIS
The crude ORs and ORs adjusted for the effect of age at death (ORa), dust particle-years cumulated to the start of the follow up and cigarette equivalent packyears were calculated for the association between lung cancer and silicosis for all the 745 miners who had had a necropsy examination. No association was observed with the presence of silicosis of the lung (ORa = 0 9, 95% CI 0-5-1-6), or silicosis of the pleura (OR. = 1-2, 95% CI 0 7-2-0), but there was a positive association with the presence of silicosis of the hilar glands (ORa = 3 9, 95% CI 1-2-12-7) (see table 5 ). For the 794 miners on which necropsies were carried out the correlation coefficients between cigarette equivalent pack-years and the ordinal categories of silicosis were -0-076 for parenchyma, -0 133 for pleura, and -0044 for hilar glands. When adjusted for dust and age at death by means of the multivariate linear regression analysis, only the association between silicosis of the pleura and smoking was statistically significant with the regression coefficient (# = -0-006, p < 0-001) suggesting a negative association between tobacco smoking and silicosis of the pleura.
Discussion
The results from this study show a significant dose response relation between death from lung cancer and silica dust particle-years and cigarette equivalent pack-years. The RR for lung cancer associated with the exposure to 1000 particle-years of silica dust standardised for smoking, year of birth, and age, estimated by the proportional hazard model was as exp(0 023) = 1-023 (95% CI 1-006-1-041). Thus the expected RR for the men in the highest exposure category with an average exposure of about 50 000 particle-years, relative to those with less than 15 000 but with more than 10 years of gold mining, was 3-18 (95% CI 1 34-7 45). The range of dust particle-years cumulated to the start of the follow up was 7000-80 000.
The adjusted ORa for lung cancer estimated from the previous mortality study of 3971 miners was 1-77 (95% CI 0-94-331) per 10 000 particle-years (p = 0 06), and no association between deaths from lung cancer and the duration of underground exposure was observed.9 The results obtained from the two follow up studies are in disagreement with the two year of birth matched case-control studies on deceased white South African gold miners, in which no association between lung cancer and dust exposure was found.' 26 Dust was a significant predictor of mortality from all causes combined. It is possible that by selecting dead controls of the same age at death the two case-control studies were overmatched for dust exposure, and thus did not detect the association, which is not very strong.
The combined effect of dust and smoking appears to be higher than would be expected under the assumption of additivity of the two individual exposures. The power model fitted best at A = 0-25, and the discrepancies between the expected number of deaths as estimated by the additive model and the observed number of deaths (table 4) indicate some synergism for the highest dust exposure and smoking categories. The goodness of fit statistic indicates that the hypothesis of multiplicativity of the combined effects fits better to the data than additivity. It appears that a synergistic effect between dust and smoking exists for those with more than 35 packyears of smoking and more than 30 000 particle-years of dust (table 3) . These findings are consistent with the other studies in which the combined effect of exposure to gold mining dust and smoking was evaluated.22 No association between silicosis ofthe parenchyma or pleura and death from lung cancer was seen. The cases with lung cancer had more findings of silicosis in the hilar glands in comparison with those who did not die from lung cancer (table 5). The possibility that this was due to the fact that the cases were Adjusted OR 1-0 2-9 4-2 3-1 95% CI (08-10-7) (13-14-0) (0-9-11-2) *One subject had a missing value for the hilar gland variable.
heavier smokers and also had heavier exposure to to the presence of positive associations have been dust, but had no causal association with the develop-examined: asbestos exposure of the cases, positive ment of lung cancer, was also considered. The misclassification of the cases (the cases were correlation coefficients for the association of lung rechecked for positive necropsy and biopsy findings cancer with smoking, with dust, and with degree of by three medical practitioners) and positive missilicosis of the hilar gland were positive and statisti-classification of the dust exposures. cally significant. The correlation between silicosis of In conclusion, the relative risk of lung cancer hilar glands and smoking was not significant, associated with 1000 particle-years was estimated as whereas with dust the correlation was highly sig-1023 (95% CI 1005-1-042); the particle-years nificant. The ORs for lung cancer and silicosis of the ranged from 7000 to 80 000 for the whole cohort. The hilar glands adjusted for dust remained significant, combined effect of dust and smoking was adequately and so did the effect of dust. As exposure to dust and fitted by the multiplicative model, indicating the silicosis of the hilar glands are intercorrelated, presence of synergism. The OR for the association however, it is difficult to draw a conclusion about between lung cancer and silicosis of the hilar gland their association with lung cancer.
was 3-9 (95% CI 1 2-12 7). No association was found Several possible mechanisms for the effect of silica between lung cancer and silicosis of the parenchyma dust on lung cancer have been suggested. Goldsmith or pleura. and Guidotti22 proposed three interrelated hypotheses to explain the excess of lung cancer in silica We thank Dr F J Wiles for initiating the collection of exposed workers: (1) 
